The metallothioneins (MT) self-assembled monolayer modified gold electrode (MT/Au) is demonstrated to catalyze the electrochemical response of dopamine (DA) by cyclic voltammetry. A pair of well-defined redox waves was obtained and the calculated standard rate constant (ks) is 6.97 × 10 -3 cm s -1 (20˚C) at the self-assembled electrode. The electrode reaction is a quasi-reversible process. The oxidation peak of DA can be used to determine the concentration of DA. The peak current and the concentration of DA follow a linear relationship in the range of 2.0 × 10 -5 M to 8.0 × 10 -4 M. The detection limit is 6.0 × 10 -6 M. By ac impedance spectroscopy, the apparent electron transfer rate constant (kapp) of Fe(CN)6 3-/Fe(CN)6 4-at the MT/Au electrode was obtained as 2.0 × 10 -5 cm s -1 . The MT/Au was characterized with grazing angle FT-IR spectroscopy and contact angle goniometry.
Introduction
Self-assembled monolayers (SAMs) of organosulfur compounds on metal surfaces comprise a wide field of potential applications due to their versatility in modifying surfaces in a controllable manner. It has been shown that organothiol molecules upon adsorption at gold lose the hydrogen from the thiol group and that an S-Au bond is formed. 1 Some SAMs-modified electrodes have been used to determine DA by their electrocatalytic oxidation. 2, 3 Chen et al. 4 studied the electrochemical behaviors of DA at the thionine self-assembled monolayer modified gold electrode. Li et al. 5 studied the electrocatalytic response of DA at a DL-homocysteine self-assembled gold electrode.
Metallothioneins (MT) are ubiquitous low molecular weight (6000 -7000 Da) metal-binding proteins, which are characterized by an unusually high cysteine content (ca. 30 mol%), a lack of aromatic amino acids and a capacity to selectively bind metal ions. 6 All mammalian forms consist of a single polypeptide chain with a total of 61 amino acid residues out of which 20 are cysteins, 6 -8 lysines, and 7 -10 serines, with a single acetylated methionine at the amino terminus, and no aromatics or histidine. SH-Groups are involved in the metal co-ordination that is considered essential to the structure and the function of the protein. All metal ions are tetrahedrally coordinated to four cysteine thiolate ligands. MT can be induced by and can bind essential metals like Cu and Zn and toxic metals such as Hg and Ag and are widely distributed in both vertebrate and invertebrate species. 7 MT is therefore considered as a potential biomarker of environmental metal contamination. 8 Because MT involves the terminal SH-groups, it can be self-assembled on the gold electrode surface. Ju et al. 9 have used this behavior to preconcentrate trace Hg 2+ for its determination by cathodic stripping differential pulse voltammetry. In our previous work, 10 we reported the MT/Au promoted the reduction/oxidation of cytochrome c.
In this paper, an MT/Au has been applied to response DA. DA can be electrocatalyzed at the electrode and a pair of welldefined redox waves was obtained. The electrochemistry properties of DA were studied and the standard rate constant ks was determined. The result shows that there is an osemiquinone radical existing during the process of the oxidation of DA. The MT/Au was characterized with ac impedance spectroscopy, grazing angle FT-IR spectroscopy and contact angle goniometry.
Experimental

Instruments and reagents
Cyclic voltammetric experiments were performed using an EG & G PAR (Princeton Applied Research) Model 273 potentiostat/galvanostat controlled by an IBM microcomputer with EG & G PARC M270 software. For electrochemical impedance spectroscopy, Model 398 was used.
For ac impedance measurements, a 5-mV amplitude sine wave was applied to the electrode under potentiostatic control and the frequency range was from 0.1 Hz to 100 kHz. The working electrode is the MT/Au. A saturated calomel electrode (SCE) and a platinum wire were used as the reference electrode and the counter electrode, respectively.
A Nicolet (America) Magna-IR 750 FT-IR spectrometer equipped with a liquid nitrogen cooled MCT/A detector was adopted. The resolution was set to 8 cm -1 , with the scans of 32. An accessory was used to perform the reflectance FT-IR, in which the incident angle of the p-polarized infrared radiation was 80˚.
Contact angle measurements were performed with a contact angle goniometer (Model JJC-II, The Fifth Optical Instrument Factory of Changchun) under ambient conditions (15 -20˚C, 50 -60% relative humidity) using yellow light to illuminate the water droplet. Each point represents an average of at least three measurements.
Preparation of the MT was described in the literature. 10 Amino acid component analysis was consistent with the literature. 11 Hydrosulfide group determination and ultraviolet scanning were identical to the paper's description. 11 The MT can be directly applied in animal pharmacological experiments and other researches. 12 Dopamine (Aldrich) was used as received. All other reagents used were of analytical grade. Water was triply distilled from an all-quartz still. Phosphate buffer solution (0.1 M, KH2PO4 + Na2HPO4) (pH = 6.81) was used as supporting electrolyte. High purity nitrogen was used for deaeration. All experiments were carried out at the ambient temperature (approx. 20 ± 1˚C).
Preparation of the MT/Au
Monolayers were formed by the self-assembling technique on gold substrates.
The gold electrode used for cyclic voltammetric measurements is a disk of 0.5 mm diameter prepared by sealing a gold wire in a glass tube with epoxy resin. The electrode was polished on chamois leather with alumina slurry and then washed in an ultrasonic bath for a few minutes. Then, the Au electrode was electrochemically cleaned by cycling the electrodes potential between 1.6 V and -0.4 V (vs. SCE) in 0.5 M H2SO4 until a stable voltammogram was obtained. After it was washed with sonication and dried in air, the electrode was immersed in an aqueous solution of 1.0 × 10 -3 M MT for approximately 36 h at a temperature between 0˚C and 4˚C. Upon removal from the deposition solution, the electrode was thoroughly rinsed with triply distilled water to remove the physically adsorbed species.
The preparation of SAM on gold substrate for characterization
The gold substrates were prepared by sputtering sequentially a 10 nm Ti adhesion layer and then a 200 nm gold layer on Si(111). Just before use, gold substrates thus prepared were cleaned in hot solution (concentrated H2SO4/30% H2O2 = 7:3 at 95˚C), followed by rinsing with triply distilled water. The SAMs were then fabricated by immersing the clean gold substrate into an aqueous solution of 1.0 × 10 -3 M MT for approximately 36 h. Upon removal from the deposition solution, the substrate was thoroughly rinsed with triply distilled water, and dried with a stream of high purity nitrogen.
Results and Discussion
The characterization of the MT/Au The investigation of the grazing angle FT-IR spectroscopy in MT/Au. Figure 1 shows the FT-IR spectra of the MT/Au in the region of 1800 -1225 cm -1 . It is evident that the C=O stretching vibration of the COOH group is at 1733 cm -1 . The asymmetric stretching vibration of the COO -group appears distinctly at 1591 cm -1 . The -CH2 transforming vibration of the COOH group appears at 1411 cm -1 .
The asymmetric transforming vibration of the NH3 + group appears distinctly at 1548 cm -1 .
The symmetric and asymmetric stretching vibrations of the CH3 group appear distinctly at 1460 and 1368 cm -1 , respectively. Such results illustrate that, by the FT-IR reflection spectroscopy, we can observe the adsorption peaks of MT self-assembled on the gold surface. The characterization of the MT/Au by contact angle goniometry. The MT/Au was characterized by water contact angle goniometry to determine wettability. The advancing contact angle was determined as 55˚. It can be inferred that due to some hydrophobic groups such as CH3 orienting on the surface the contact angle values are higher. Characterization for MT/Au by ac impedance spectroscopy.
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ANALYTICAL SCIENCES JUNE 2002, VOL. 18 The redox behavior of a reversible couple can be used to probe the packing structure of the monolayer. 13, 14 For a bare gold electrode, a couple of well-defined waves of Fe(CN)6 3-/Fe(CN)6 4-should appear and the peak-to-peak separation (∆EP) should be 60 mV (Fig. 2) . 15 The cyclic voltammetric response of a diffusion-limited process at the monolayer-coated electrode depends upon the presence of pinholes in the monolayer. 16 . The EIS experiments were performed in order to obtain the apparent standard electron transfer rate constant at MT/Au. The equivalent circuit that we used to model the SAM system is Rs (RctQ) (Fig. 4) . We used the ZView program by Johnson to analyze the impedance data. All fitting results are presented in Table 1 . Rs is the solution resistance, nearly independent of the concentration of Fe(CN)6 3-/Fe(CN)6 4- . The slight decrease of Rs with the increase of the concentration of Fe(CN)6 3-/Fe(CN)6 4-was attributed to the increasing solution conductivity when the total ion concentration became higher. Rct is the apparent resistance, which decreased with increasing concentration of Fe(CN)6 3-/Fe(CN)6 4-. In the case of constant phase element (CPE), Q corresponds to the membrane capacitance, because the value of n is near to 1.
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The Q decreased slightly with increasing concentration Fe(CN)6 3-/Fe(CN)6 4-reflecting the fact that the SAM had a low permeability for Fe(CN)6 
The stability of the self-assembled electrode
A well-defined wave of DA can be obtained after MT selfassembling at the Au electrode for 36 h in the 1.0 × 10 -3 M MT at the temperature between 0˚C and 4˚C, and the peak current remains the same after placing the electrode in the phosphate buffer solution for 1.5 h. The peak current (iP) values were detected every 20 min with a relative standard deviation (RSD) of 4.6% (n = 5). The result indicates that the electrodes have a high stability.
The effect of pH on the peak current and peak potential of DA
The response of DA is well-behaved in 0.1 M phosphate buffer solution in the range of pH 5.3 -8.0. As pH 6.81 the peak current iP had the highest value and ∆EP reached the lowest value. The relation between the anodic peak potential and pH was directly investigated and a linear regression equation EPa = 0.76 -0.077 pH (EPa, V; correlation coefficient, r = 0.9958) was obtained, which showed that the uptake of electrons is accompanied by protons. 
The effect of scan rate on the peak current
As shown in Fig. 6 , the scan rate has a great influence on the peak current. The anodic peak current iP of the MT/Au in DA solution is linear with the square root of the scan rate v 1/2 in the range from 50 to 300 mV s -1 with a correlation coefficient of 0.9974. The linear regression equation is expressed as iP = -0.04 + 0.033v 1/2 (iP, µA; v 1/2 , (mV s -1 ) 1/2 ). The result indicates that the electron transfer reaction is controlled by the diffusion of DA.
The determination of the electrochemical parameter
First, we used the method of chronocoulometry to determine the diffusion coefficient of DA, according to the equation: 20
Here, D is the diffusion coefficient, C is the bulk concentration of DA, and the other parameters have their usual meanings. Under diffusion (mass transport) control, the plot of Q vs. t 1/2 should be linear; from the slope, the value of D can be obtained. We carried out such an experiment at a bare gold electrode, and got a straight line (not shown here). From the slope, the diffusion coefficient of DA was calculated, D (20˚C) = 4.15 × 10 -6 cm 2 s -1 . In the calculation, n = 2 was adopted, which was widely accepted for the electrooxidation of DA in aqueous solution. Our value of D is in agreement with those reported in the literature. 7 Then one plots Epa and Epc as the function of ln v (v, scan rate, mV s -1 ) (Fig. 7) . The curves approach the straight line at higher rates (8 -25 V s -1 ). Based on the slope and the intercept, the standard rate constant ks can be obtained according to following equations:
The rate constants (ks) are calculated to be 9.09 × 10 -3 cm s -1 and 4.85 × 10 -3 cm s -1 at the self-assembled electrode respectively, and their average is 6.97 × 10 -3 cm s -1 . It demonstrates that the electrode process is quasi-reversible in the range of 50 to 300 mV s -1 .
According to the slope of the straight line, one obtains that (1 -α)nα is 0.26 and αnα is 0.35. If α is assumed in the range of 0.3 to 0.7, nα = 1 can be achieved. This reveals that the 2e transfer of DA at the electrode is not completed by one step. It is reported [22] [23] [24] that, in the process of oxidization of DA, NE, EP by oxidizer, photodecomposition or enzyme catalysis, Zn 2+ , as a stabilizer of the free radical, can be complexed with the free radical and thus prohibit its oxidization. Under this condition, the signal of the free radical can be observed by ESR (electronspin resonance spectroscopy). The existence of the intermediate of o-semiquinone radical was proved spectroelectrochemically with Zn
2+
, too. 25 So we confirm that there is a free radical existing in the course of the electrode reaction, the step of its forming deciding the rate of the electrode reaction, and that the response of DA at the self-assembled electrode is quasireversible. Obviously, the electron transfer rate of DA at the MT/Au is much faster than the bare gold electrode, due to the promotion of MT monolayer on the electrode surface.
Analytical applications
In 0.1 M pH 6.81 phosphate buffer solution, the peak currents are measured and plotted against the bulk concentration of DA. The dependence of peak currents on the concentration of DA is a linear relationship in the range of 2.0 × 10 -5 M to 8.0 × 10 -4
M. The linear regression equation is expressed as iPa = 0.065 + 0.20C (correlation coefficient r = 0.9998) (iPa, µA; C, 10 -4 M). When the signal to noise ratio is 3, the detection limit is 6.0 × 10 -6 M.
The sample of an injection of DA was determined after suitable dilution. The average value of six determinations for the sample was found to be 1.28 × 10 -4 M by applying a calibration plot with RSD of 3.7%, and the recovery ranged from 98% to 104% was obtained for a solution added 2.0 × 10 -4 M DA. Recovery was studied for diluted (50-fold) urine sample with varying amounts of DA added. The acceptable recovery range was 98.5 -103%.
Conclusion
In this work, we have prepared and characterized a metallothioneins (MT) self-assembled monolayer at gold surface. The MT/Au has been used to determine DA by its electrocatalytic redox. The electrochemistry behaviors of DA were studied. The standard rate constant (ks) was calculated.
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